The xylanolytic activity is important for adaptation of Xanthomonas phytopathogen to the phyllosphere. Results: XynB is a very efficient endo-xylanase activated by calcium ion, and XynA is a dimeric exo-oligoxylanase. Conclusion: XynB degrades xylan, releasing xylooligosaccharides that are substrate for XynA. Significance: This work elucidated the structural basis for the function of the xylanolytic enzymes from Xanthomonas.
Cell wall-degrading enzymes (CWDEs) 3 secreted by the type II secretion system (T2SS) are required for virulence and pathogenesis in the genus Xanthomonas (1) (2) (3) . These enzymes such as xylanases, cellulases, and polygalacturonases degrade the main polysaccharides of plant cell walls, weakening the first physical barrier against pathogen attack and releasing nutrients during the colonization of plants (4 -6) . On the other hand, some CWDEs might have dual functions because their presence is sensed by plants, triggering defense responses (7) . These enzymes can activate the innate immune system of plants by both pathogen-associated molecular patterns and damage-associated molecular patterns. In the pathogen-associated molecular pattern-triggered mechanism, CWDEs can elicit defense responses, independently of their enzymatic activity, as demonstrated for fungal xylanases (8, 9) , which are recognized by specific receptors in the plant cell surface (10) . In the damageassociated molecular pattern-triggered mechanism, the oligosaccharides produced by their enzymatic activity can activate the host innate immune system (11, 12) as demonstrated for plants pretreated with glycoside hydrolases, which showed enhanced resistance against pathogens (13) . It is also proposed a functional interplay between the T2SS and type III secretion system (T3SS) in which the arsenal of CWDEs secreted by T2SS disrupts the plant cell wall integrity facilitating the translocation of effector proteins by T3SS (14, 15) . Indeed, several T2SS genes from Xanthomonas spp. are coregulated with T3SS components supporting this model (14 -16) .
Interestingly, Xanthomonas pathogens contain a large repertoire of genes related to plant cell wall degradation and modification (at least 160 genes) that is equivalent to that observed in other bacteria specialized in biomass digestion such as Ruminococcus albus and Clostridium cellulolyticum (based on the CAZy database (17) ). However, Xanthomonas spp. preferentially infect plants through stomata or lesions on leaves and other green parts, suggesting other functions to these enzymes that surpass the primary role in degrading cell wall polysaccharides (18, 19 ). The xylanolytic system, ubiquitous in lignocellulose-degrading microbes, is also found in Xanthomonas bacteria, playing important roles in virulence, biofilm formation, nutrient uptake and adaptation of these proteobacteria to the phyllosphere (3, 14, 20) . This system, also known as xylan CUT (carbohydrate utilization with TonB-dependent outer membrane transporters) system in these phytopathogens, is composed by two major xylanase-related genes belonging to the GH10 family and other xylan-degrading enzymes such as ␤-xylosidases, arabinofuranosidases, acetyl xylan esterases, and ␣-glucuronidases (14) . In Xanthomonas axonopodis pv. citri (Xac), the two xylanase-related proteins are encoded by the genes xynA (XAC4249) and xynB (XAC4254). It has been demonstrated that the gene xynA affects biofilm formation (21) and that orthologs in Xanthomonas campestris pv. campestris (Xcc) (20) and Xanthomonas oryzae pv. oryzae (Xoo) (3) do not display xylanase activity, despite the high sequence identity to classical endo-␤-1,4-xylanases (ϳ45-60%). In contrast, the divergent XynB, with maximum 30% of sequence identity to characterized GH10 xylanases, proved to be mainly responsible for the xylanase activity observed in Xoo (3) and Xcc (20) . In Xoo, the corresponding xynB gene was shown to affect virulence and the complementation of a ⌬xynB mutant strain with a clone containing xynB restored the lesion lengths to the WT levels (3) . In X. campestris pv. vesicatoria (Xcv), the deletion of this gene also implicates in reduced extracellular xylanase activity and virulence (14) .
Nevertheless, despite the importance of these GH10 xylanase-related proteins for the genus Xanthomonas, the molecular basis of their action on plant cell wall polysaccharides is not known. Thus, in an effort to better understand the xylanolytic system in these phytopathogens, we investigated the biochemical and structural properties of XynA and XynB from X. axonopodis pv. citri. Our results finely corroborate the in vivo studies, confirming the key role of XynB in degrading xylan chains from plant cell wall and demonstrating that XynA is involved in the breakdown of xylooligosaccharides, which might be elicitors of host defense responses (11, 12, 22) . The elucidation of novel mechanisms implicated in xylan degradation by Xanthomonas, such as exo-oligoxylanase activity and calcium stimulation, expands our knowledge regarding the functional and regulatory repertoire within the GH10 family and also demonstrates the great potential of plant pathogen bacteria as a source of novel activities in the GH superfamily.
EXPERIMENTAL PROCEDURES
Molecular Cloning, Mutagenesis, and Protein Production-xynA and xynB were amplified from the genomic DNA of X. axonopodis pv. citri using standard cloning methods. Sitedirected mutagenesis of xynA (L270R) was performed according to the QuikChange kit (Stratagene, La Jolla, CA), and the chimera containing the SVWNLPTAEVSTRFEYKPER sequence instead of LTKEGQIIGTGMAHKQFQLPEFKRFL was synthesized with the company GenScript (Piscataway, NJ). XynA, XynB, and mutants were expressed in BL21(DE3) cells supplemented with pRARE2 plasmid for 4 h at 30°C with 0.5 mM isopropyl ␤-D-thiogalactopyranoside at A 600 nm of 0.6 -0.8. The cells were collected, resuspended in lysis buffer (20 mM sodium phosphate, pH 7.5, 500 mM NaCl, 5 mM imidazole, 1 mM PMSF, and 5 mM benzamidine), and disrupted by lysozyme treatment (80 g/ml, 30 min, on ice), followed by sonication. The target proteins were purified by immobilized metal ion affinity chromatography using a 5-ml HiTrap Chelating HP column (GE Healthcare), previously charged with Ni 2ϩ , coupled to an Ä KTA purifier (GE Healthcare). The proteins were eluted using a nonlinear gradient (0 -0.5 M) of imidazole at a flow rate of 2 ml/min. The eluted fractions were analyzed by SDS-PAGE, and those containing pure proteins were pooled, concentrated by filtration, and submitted to size exclusion chromatography. Size exclusion chromatography experiments were carried out at a flow rate of 1 ml/min using a HiLoad 16/600 Superdex 75-pg column (GE Healthcare), previously equilibrated with 20 mM sodium phosphate, pH 7.5, and 150 mM NaCl, coupled to an Ä KTA purifier (GE Healthcare). Sample homogeneity was evaluated by SDS-PAGE and dynamic light scattering.
Enzyme Assays and Carbohydrate Analyses-Activity assays were performed at 35°C in 40 mM of sodium phosphate buffer (pH 6.0) for XynA (WT, L270R, and chimera) and 40 mM of MES buffer (pH 6.0) for XynB. The following substrates were tested: beechwood xylan (Sigma-Aldrich), rye arabinoxylan (Megazyme, Wicklow, Ireland), wheat arabinoxylan (Megazyme), larch arabinogalactan (Megazyme), sugar beet arabinan (Megazyme), lichenan (Megazyme), xyloglucan (Megazyme), xanthan gum (Sigma-Aldrich), mannan (Megazyme), laminarin (Sigma-Aldrich), ␤-glucan (Megazyme), and carboxymethylcellulose (Sigma-Aldrich). The amount of reducing sugar released from beechwood xylan (Sigma-Aldrich) was determined by the 3,5-dinitrosalicylic acid method (23) . One unit is defined as the amount of enzyme that produces one mol of reducing sugar per minute. To test the influence of calcium ion in the activity of XynB, the protein was incubated with 1 mM EDTA or preincubated with 1 mM EDTA for 30 min followed by addition of 10 mM CaCl 2 . The apparent kinetic parameters K m and V max were calculated by nonlinear regression analysis of the Michaelis-Menten plot. L270R XynA, chimeric XynA, and XynB were used at final concentrations of 20, 1, and 2.5 ng/l, respectively. In these experiments, the substrate concentration varied from 0.25 to 24 mg/ml. For capillary electrophoresis coupled to laser-induced fluorescence (CE-LIF), the reaction products of beechwood xylan (Sigma-Aldrich) or xylooligosaccharides (Megazyme) were derivatized with 8-aminopyrene-1,3,6-trisulfonic acid according to Chen and Evangelista (24) . CE-LIF experiments were performed in a P/ACE MDQ instrument configured with a laser-induced fluorescence detection system (Beckman Coulter, Brea, CA). An uncoated fused silica capillary of 75-m internal diameter and 20-cm effective length (Beckman Coulter, Brea, CA) was used for analysis of 8-aminopyrene-1,3,6-trisulfonic acid-labeled sugars. The capillary was conditioned with 0.1 M sodium phosphate (pH 2.5), and samples were injected by application of 0.5 p.s.i. for 5 s. Electrophoretic conditions were 20 kV/70 -100 mA with reverse polarity at a controlled temperature of 25°C. Oligosaccharides labeled with 8-aminopyrene-1,3,6-trisulfonic acid were excited at 488 nm, and emission was collected through a 520-nm band pass filter. The resultant peaks were assigned by comparison with electrophoretic behavior of standards: xylose (Sigma-Aldrich) and xylooligosaccharides (Megazyme). The xylooligosaccharides were quantitatively analyzed by high performance anion exchange chromatography using a Dionex ICS-3000 HPLC system equipped with a pulsed amperometric detector and a CarboPac PA-1 (4 ϫ 250 mm) column. Samples were run with a flow rate of 0.5 ml/min, using a gradient from 100 to 500 mM NaOAc in 100 mM NaOH. The eluted peaks were compared with the retention time and concentrations of standard solutions of xylooligosaccharides (Megazyme) and xylose (Sigma-Aldrich).
Biophysical and Calorimetric Experiments-Far UV circular dichroism spectra were recorded on a Jasco J-815 spectropolarimeter (Jasco International Co., Ltd., Tokyo, Japan). Samples were prepared in 20 mM sodium phosphate, pH 7.5 (WT, L270R and Chimeric XynA), or 20 mM sodium cacodylate, pH 6.5 (XynB), at 10 M. Unfolding experiments were monitored at 220 nm. For thermal denaturation experiments, the sample was heated at a rate of 1°C/min over a temperature range of 20 -90°C. Differential scanning calorimetry measurements were performed on a VP-DSC microcalorimeter (MicroCal) using a heating rate of 1°C/min in a temperature range of 20 -90°C. The protein concentration varied from 1.0 to 2.0 mg/ml for XynA, XynB, and mutants. XynB was analyzed in the presence of 5 mM EDTA or 5 mM CaCl 2 to assess the effect of calcium ions in protein stability. Sample scans were buffer-subtracted, concentration-normalized, and fitted by nonlinear least squares. The resulting excess heat capacity curves yielded the melting temperature (T m ) employed to compare thermal stability of the proteins and mutants. Isothermal titration calorimetry experiments of XynB with calcium ions were performed on a VP-ITC microcalorimeter (MicroCal) at 20°C. Protein sample was extensively dialyzed against 20 mM sodium cacodylate, pH 6.5, and its concentration was set to 100 M. The ligand solution was prepared to a final concentration of 1 mM. The affinity constant (K a ) were estimated from the best fit (one binding site) of the theoretical titration curve using the least squares fitting method. NITPIC software (25) was used for the integration of isothermal titration calorimetry data.
Small Angle X-ray Scattering-SAXS measurements for XynA, XynB, and mutants were performed at three different concentrations (2, 4, and 6 mg ml) in 20 mM Tris buffer, pH 7.5.
Data were collected at both SAXS1 and SAXS2 Beamlines (Brazilian Synchrotron Light Laboratory, Campinas, Brazil). The integration of SAXS patterns was performed using Fit2D (26) . Data were analyzed using the program GNOM (27) . Molecular envelopes were calculated from the experimental SAXS data using the program DAMMIN (28) . Ten runs of ab initio shape determination yielded highly similar models (normalized spatial discrepancy values of Ͻ1), which were then averaged using the package DAMAVER (29) . The theoretical scattering curves of crystallographic structures were calculated and compared with the experimental SAXS curves using the program CRYSOL (30) . The crystallographic structures were fitted into the corresponding SAXS molecular envelopes using the program SUPCOMB (31) .
X-ray Crystallography-XynA was crystallized in two different space groups, P2 1 and P4 3 2 1 2, using the following solutions: 0.1 M Tris-HCl, pH 8.0, and 12% (w/v) polyethylene glycol 6000; and 0.1 M Tris-HCl pH 9.0, 6% (w/v) polyethylene glycol 6000, and 5% (v/v) glycerol, respectively. Crystals of XynB were obtained from a solution consisting of 0.05 M potassium dihydrogen phosphate and 14% (w/v) polyethylene glycol 8,000. The iodine derivative for XynB was prepared by soaking a single crystal in the reservoir solution containing 20% (v/v) glycerol and 0.5 M iodine chloride for 1 min. Complexes of XynB with X1, X2, and X3 were prepared by soaking the crystals into the mother solution containing 10 mM xylooligosaccharides (Megazyme) for 30 min. Diffraction intensities were measured in a CCD detector (MarMosaic225) at the MX2 Beamline (Brazilian Synchrotron Light Laboratory). The data were scaled and reduced using either HKL2000 (32) or XDS (33) . XynA structure was directly solved by molecular replacement methods using the crystalline structure of the GH10 xylanase from Cellvibrio mixtus (Protein Data Bank code 1UQY; sequence identity of 45%) as template. The XynB structure was determined at 1.30 Å resolution by the single isomorphous replacement with anomalous scattering method using the programs SHELXD (34) and SHELXE (34) for heavy atom location and phase calculation, respectively. The model was further built with the AutoBuild wizard (35) from the PHENIX package yielding a nearly refined structure without internal gaps in the chain (96% complete) and crystallographic residuals (R) of 0.20 (R factor ) and 0.21 (R free ). All structures were refined with the program PHENIX.REFINE (36) and manually inspected using the pro- The Xanthomonas Xylanolytic System NOVEMBER 14, 2014 • VOLUME 289 • NUMBER 46
gram COOT (37) . The refined structures were evaluated using the program MolProbity (38) . Data collection, processing, and refinement statistics are summarized in Table 1 .
Computational Analysis-XynA (WT or mutants) and XynB (with or without calcium ion) structures were prepared for explicit solvent molecular dynamics simulations using the program YASARA (39) and the YAMBER3 force field. A simulation box was defined at 15 Å around all atoms of the structure. Protonation was performed based on pH 7. Cell neutralization was reached filling the box with water molecules and Na/Cl counter ions coupled with a short molecular dynamics simulation for solvent relaxation. Molecular dynamics simulations of 50 ns at 298 K were performed for each protein and root mean square deviations (RMSDs) were calculated for the whole structure and individual residues.
RESULTS
XynA Is a Rare Reducing End Xylose-releasing Exooligoxylanase-XynA exhibits significant sequence similarity to characterized endo-␤-1,4-xylanases belonging to GH10 family such those from C. mixtus (CmXyn10B, 45%, Protein Data Bank code 1UQY (40)), Bacillus stearothermophilus (IXT6, 40%, Protein Data Bank code 2Q8X (41)), and Paenibacillus barcinonesis (PbXyn10B, 39%, Protein Data Bank code 3EMC (42) ). However, biochemical analyses suggest that XynA is not an endo-␤-1,4-xylanase because it is not able to hydrolyze xylan chains ( Fig. 1A ). This result is in agreement with xynA mutant strains of both Xcc (20) and Xoo (3) in which secreted xylanase activity was similar to that observed for the WT strains, indicating that the xylanase activity is not conferred by xynA orthologous genes. Interestingly, enzymatic assays revealed that XynA was able to hydrolyze xylohexaose (X6) ( Fig. 1B ) and shorter xylooligosaccharides (results not shown) in an exo manner. The enzyme produced mainly xylopentaose (X5) and xylose (X1) from X6, which is distinctive for an exo-acting enzyme (Fig. 1B) . Moreover, the xylan hydrolysis by the endoxylanase XynB (discussed later) complemented with XynA increased in ϳ50% the xylose production ( Fig. 1C ), which corroborates with the ability of XynA to release xylose from xylooligosaccharides. These analyses demonstrate that XynA is an exo-oligoxylanase and not an endo-xylanase as expected by sequence similarity analysis.
To understand the structural determinants for the exooligoxylanase activity of XynA, its crystallographic structure was determined in two different space groups (Table 1) : P4 3 2 1 2 and P2 1 . In both cases, a stable dimeric arrangement with a buried area of 1972 Å 2 and a ⌬G int of Ϫ8.8 kcal/mol was found ( Fig. 2) . In tetragonal crystals, one dimer is present in the asymmetric unit, whereas three dimers are found per asymmetric unit in monoclinic crystals. SAXS and dynamic light scattering analyses also supported the biological unit of XynA as a dimer in solution ( Fig. 3 ). This quaternary configuration is principally stabilized by the loop connecting the topological elements ␤7 and ␣7 (Fig. 4 ). This loop comprises the sequence VLPLTKEG-QIIGTGMAHKQFQLPEFKRFLDPYRDGLPAD (hydrophobic and charged residues are underlined or in bold, respectively) and is swapped between the two subunits establishing a number of hydrophobic and ionic interactions ( Fig. 2 and Table 2 ). A cluster of three aromatic residues (Phe 286 , Phe 291 , and Phe 294 ) forms the hydrophobic core of the interface, whereas three electrostatic interactions are present in the solvent-exposed region (Glu 290 -Arg 204 , Asp 158 -Lys 284 , and Glu 273 -Arg 293 ) ( Fig. 2) . Sequence alignment showed that all residues considered relevant for catalysis and substrate recognition are conserved in XynA, except the ␤7-␣7 loop that is only observed in Table 2 . The active sites are indicated by the arrows. The xylooligosaccharides were modeled in the catalytic cleft of XynA (Ϫ3 to ϩ1 subsites) based on the structure of CmXyn10B (Protein Data Bank code 1UQY (40) ) and are represented by yellow spheres. XynA orthologs from the genus Xanthomonas (Fig. 4) . The U-shaped architecture of the dimer with the active sites of both subunits facing each other (Fig. 2) implicates in a physical barrier of the aglycone region by this ␤7-␣7 loop (Fig. 5A ).
Structural comparison with GH10 endo-␤-1,4-xylanases complexed with xylooligosaccharides revealed that the Ϫ2, Ϫ1, and ϩ1 subsites are highly conserved ( Figs. 5 and 6 ). However, the ␤7-␣7 loop in XynA obstructs the remaining aglycone-binding subsites. The ϩ2 subsite is fully blocked with a glutamine residue occupying the corresponding position of the glycosyl moiety in this subsite (Fig. 5C ). The further ϩ3 and ϩ4 subsites are fulfilled by the main chain of the ␤7-␣7 loop from the other subunit (Fig. 5, A and C) . This finding along with its exo cleavage pattern suggests that XynA releases a xylose unit from the reducing end of the substrate. This mode of action was only observed so far in a GH8 enzyme from Bacillus halodurans C-125 (Rex) (43) . As observed for XynA, the catalytic machinery of Rex is conserved when compared with endo-type GH8 enzymes, but the ϩ2 subsite is sterically blocked by a kink in the loop preceding the ␣10 helix (44) . In Rex, the residue His 319 forms a hydrogen bond with the ␤-hydroxyl group of xylose at the ϩ1 subsite, contributing to the specificity of the reducing end (44) . By analogy, the residue Gln 260 seems to play an equivalent role in XynA based on its geometry and comparative studies with other xylanase-oligosaccharide complexes. Our experimental findings combined with the notable similarity to the mechanism described for Rex strongly indicate that XynA is a reducing end xylose-releasing exo-oligoxylanase. 
TABLE 2 Intermolecular side chain-side chain and main chain-side chain interactions of the XynA dimeric interface
The molecules A and B, present in the asymmetric unit of the P4 3 2 1 2 crystal (Protein Data Bank code 4PMV), were used for interface analysis with the Protein Interaction Calculator (67). NOVEMBER 14, 2014 • VOLUME 289 • NUMBER 46
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Tuning the Action Mode of XynA by Rational Redesign of the ␤7-␣7 Loop-To examine the role of the ␤7-␣7 loop and the quaternary structure in the action mode of XynA, a single mutant (L270R) and a chimera replacing this loop by a conserved sequence observed in typical endo-␤-1,4-xylanases were produced and characterized. The mutation L270R was sufficient to disassemble the dimer because the Arg residue was inserted into the hydrophobic core of the interface promoting repulsive forces and steric impediments (Fig. 7, A and B) . The L270R mutant catalyzed the hydrolysis of xylan chains ( Fig. 8A and Table 3 ); however, with low catalytic efficiency compared with XynB ( Table 3 ). The cleavage pattern was also altered against xylooligosaccharides, resembling a profile of hydrolysis observed for endo-␤-1,4-xylanases, with the predominance of X3 and X2 as final products (Fig. 8A) . These data confirm that the single mutation, and consequently the disruption of the dimeric arrangement, was sufficient to change the action mode of XynA. Remarkably, the chimeric XynA showed 20-fold higher catalytic efficiency than the L270R mutant and 15% higher than XynB (Table 3 ). This catalytic efficiency is at least 7-fold higher than that observed for other mesophilic GH10 xylanases such as CmXyn10B (40), Xyn10A from Bacteroides xylanisolvens (45) , and XynA from Glaciecola mesophila (46) . Kinetic data revealed a notable improvement of both K m and V max in comparison with the single mutant (Table 3) . CE-LIF analysis confirmed that the loop replacement fully converted XynA into a classical endo-acting enzyme producing X2 and X3 from xylan and X6 (Fig. 8B) . SAXS data demonstrated the monomeric form of the chimeric XynA in solution (Fig. 7, C  and D) , supporting the importance of accessibility to positive subsites for the development of endo-xylanase activity. Moreover, the chimeric enzyme showed a broad pH plateau for activity ranging from 6 to 9 and optimum temperature of 35°C. These biochemical properties along with the stunning catalytic performance make this tailored enzyme a potential biocatalyst for biotechnological processes at moderate temperatures. In addition to the changes in functional behavior, the mutations also affected the structural stability of XynA. The L270R mutant had a 10°C reduction in the melting temperature as assessed by differential scanning calorimetry ( Fig. 9A ) and circular dichroism (Fig. 9B) , whereas the chimeric XynA presented a decrease of ϳ6°C (Fig. 9, A and B) . In accordance with thermal denaturation experiments, molecular dynamics simulations also showed lower overall RMSD values for WT in comparison with mutants. These biophysical and computational analyses converge to the dimeric arrangement as the most stable form of XynA, which is expected because of the key role played by dimerization in the functional expression of this enzyme. Collectively, these results confirm the essential role of the ␤7-␣7 loop in governing the action mode of XynA and also confirm its reducing end xylose-releasing exo-oligoxylanase activity.
The Divergent XynB Is an Endo-␤-1,4-xylanase-XynB shows low sequence identity to characterized endo-␤-1,4-xylanases (Յ30%) such those from Streptomyces olivaceoviridis (SoXyn10A, 30%, Protein Data Bank code 1ISV (47)), Thermotoga petrophila (TpXyl10B, 28%, Protein Data Bank code 3NIY (48)), C. mixtus (CmXyn10B, 26%, Protein Data Bank code 1UQY (40)), and B. stearothermophilus (IXT6, 23%, Protein Data Bank code 2Q8X (41)). However, functional studies with ⌬xynB strains of Xcc (20) , Xoo (3), and Xcv (14) revealed a major role of this gene in the expression of extracellular xylanase activity. Based on these observations, we analyzed biochemical and structural properties of XynB to elucidate the structural basis for its functional behavior despite the low identity to classical GH10 xylanases. Biochemical analyses confirmed that XynB is a bona fide xylanase being active against both xylan and xylooligosaccharides (Fig. 8C) . The enzyme showed a broad pH range for activity and an optimum temperature of 35°C, as observed for the chimeric XynA. Different substrates were tested, and similarly to classical xylanases, XynB can only degrade xylose-based substrates. XynB has a preference for linear xylan (beechwood xylan), but also hydrolyzed decorated polymers (wheat and rye arabinoxylans), mainly those containing monosubstituted xylosyl residues (Table 4 ). Interestingly, XynB was strongly inhibited by chelating agents (Fig. 10A) , indicating a dependence for divalent ions. Indeed, crystallographic and calorimetric studies (as discussed later) showed the ability of XynB to bind calcium ions. Thus, kinetic parameters were determined against beechwood xylan for the enzyme as purified and with the addition of CaCl 2 ( Table  3 ). The addition of calcium ions was to guarantee that all calcium-binding sites are occupied, and the enzyme is fully active. Under such conditions, XynB presented an apparent K m of 2.4 mg/ml and V max of 1300 units/mg (Table 3) , yielding a catalytic efficiency of 339 ml/mg⅐s, highlighting the importance of calcium ion for enzymatic activity. The cleavage pattern of xylan and xylohexaose by XynB revealed X2, X3, and X4 as the main products ( Fig. 8C ), suggesting an endo mode of action. However, the release of small amounts of xylose in these reactions (Fig. 8C) indicates that XynB is not a strict endo-acting enzyme. Although it is not expected for a typical endo-acting enzyme, similar results have been observed for other GH10 xylanases (49 -51) . These results support that XynB is the major xylanolytic enzyme from the xylan CUT system, in accordance with in vivo studies in Xoo (3), Xcc (20) , and Xcv (14) .
The crystallographic structure of XynB, determined by the single isomorphous replacement with anomalous scattering method (Table 1) , revealed a canonical (␤/␣) 8 topology with the major structural differences in relation to other characterized GH10 xylanases in the loops forming the catalytic interface, particularly at the aglycone-binding region (Fig. 11 ). Inspection of electron density maps indicated the presence of an ion in the vicinity of the catalytic cleft, and analysis of bond distances, coordination geometry, B factor, and difference maps (52) indicated that the most likely ion is calcium, as supported by functional and calorimetric studies. Xylose (X1) and xylooligosaccharides (X2 and X3) complexes were also solved at high resolution ( Fig. 12) showing conserved Ϫ3, Ϫ2, and Ϫ1 subsites ( Fig. 6 ), as reported in previous crystallographic studies with GH10 xylanases (40, 47, 48, 53) . It is worthy of mention that the xylosyl moiety occupying the Ϫ3 subsite is not contacting any protein residue with its orientation determined by steric impositions of the glycosidic bond within the trisaccharide (Fig. 12) . The same binding mode of X3 was observed for CmXyn10B and SoXyn10A (Fig. 6) , indicating that the Ϫ3 subsite does not seem productive for substrate recognition and binding. Interestingly, the Ϫ2 and Ϫ1 subsites are also conserved in the reducing end xylose-releasing exo-oligoxylanase (XynA) reported here, which reveals a high degree of conservation of the subsites involved in the glycone recognition. Based on that, it is possible to conclude that the negative subsites are not the basis for the functional diversity within the GH10 family.
In contrast to the glycone-binding region, the positive subsites are very divergent in terms of geometry and physicochemical properties. Even the ϩ1 subsite, which should be conserved as a minimal requirement for the recognition and subsequent cleavage of the ␤-1,4 bonds between xylosyl moieties, contains significant differences in the interaction network supporting the substrate binding. Two aromatic residues are fully conserved (Tyr 190 and Trp 295 ); however, XynB has a positively charged residue (Arg 296 ) also forming the ϩ1 subsite, whereas in CmXyn10B, it is replaced by a hydrophobic residue (Phe 340 ) (Fig. 6 ). The ϩ2 subsite in SoXyn10A is exclusively based on polar interactions involving Asn 209 , Ser-, and Arg 275 , whereas in XynB, an aromatic residue (Phe 225 ) replaces the two polar residues, Asn 209 and Ser 212 (Fig. 6 ). In CmXyn10B, the ϩ2 subsite comprises basically of a tryptophan residue, but it is located at the opposite side of Phe 225 . Because of the large variance in the further positive subsites among structurally characterized GH10 xylanases, it was not possible to map the residues forming these subsites in XynB. CmXyn10B exhibits an extended ␤7-␣7 loop, the same related to the functional behavior of XynA, that contributes to the formation of the ϩ2, ϩ3, and ϩ4 subsites ( Fig. 11C) and SoXyn10A has also a ϩ5 subsite formed by a tryptophan residue (Trp 179 ) (Fig. 11C) . In XynB, both motifs are absent, and the fully conserved region comprising the segment Val 136 -Trp 166 adopts a very different conformation, yielding a broadened active site, which may explain the ability of XynB to degrade decorated xylan chains (Fig. 11B) . These observations along with XynA findings clearly indicate that the distinct architectures of the positive subsites are intimately associated to the functional behavior of GH10 enzymes in terms of catalytic efficiency, mode of action, and substrate recognition.
Calcium Ion Is Essential for Function and Stability of XynB-Biochemical studies demonstrated a strong inhibitory effect of chelant agents on XynB activity, which indicates a role of divalent ions on the enzyme function. Indeed, XynB not only recovered but increased 10-fold its catalytic activity by the complementation with calcium ions after EDTA treatment (Fig. 10A) . The enzyme was also responsive to magnesium, but in a lesser extent, whereas other metal ions did not induce the recovery of xylanase activity. We also interrogated the importance of this ion for protein stability, and both differential scanning calorimetry ( Fig. 10B ) and circular dichroism (Fig. 10C) techniques showed a remarkable stabilization in the protein structure (⌬T m ϭ ϩ11°C) by calcium ions. These results support that both structural stability and function of XynB are affected by calcium ions. To date, only the enzyme CjXylA showed a stabilizing effect induced by calcium ions (⌬T m ϭ ϩ6°C) (50) within the GH10 family. However, the ion binding to CjXylA did not influence the catalytic activity (50), suggesting that this dual effect is unique to XynB. Furthermore, the affinity of calcium ions to XynB was calorimetrically measured, indicating a K a of 4.7 ϫ 10 4 M Ϫ1 and one calcium-binding site per monomer (Fig.  13A ). This affinity is quite similar to that observed for calcium binding to CjXylA (K a of 4.9 ϫ 10 4 M Ϫ1 ) (50), despite the fact that the binding sites are totally different (Fig. 13B) . The crystallographic structure of XynB revealed that the calcium ion binds to an N-terminal motif between the ␤2-␣2 loop and ␣3 helix that is located at the opposite side of the catalytic interface in comparison with the calcium-binding site of CjXylA (Fig.  13B ). This ion is caged into an O 6 octahedral coordination sphere formed by the side chains of the residues Glu 64 , Asp 68 , Glu 115 , and Gln 118 , and two solvent molecules (Fig. 13B) . These residues are not conserved in other GH10 members, indicating them to be a unique calcium-binding site to XynB and closely related orthologs from the genus Xanthomonas. Although the calcium-binding site is not directly involved in the formation of the active site, its strategic position has an important role in the stabilization of interfacial loops comprising the Ϫ1 and Ϫ2 subsites. It was supported by molecular dynamics simulations, in which those residues forming the ␤2-␣2 (region I) and ␤3-␣3 (region II) loops (Fig. 14B ) showed high RMSD values in the absence of calcium (Fig. 14C ). Other residues forming the glycone-binding region, such as His 92 , Asn 137 , and Trp 288 , also presented higher RMSD values without calcium ion (Fig. 14A) , although they are not found in the ␤2-␣2 or ␤3-␣3 loops. These analyses indicate that the presence of calcium ion is structurally relevant for maintaining the active site geometry and that perturbations in this region might affect substrate recognition and binding. 
DISCUSSION
Insights into GH10 Function and Evolution-It is a notable feature of the GH10 family that the glycone-binding region was preserved almost intact through the evolution, whereas the reducing end subsites have undergone profound changes for shaping the function of GH10 members in both prokaryotic and eukaryotic organisms. An inspection of the majority of GH10 structures available in the Protein Data Bank confirmed a conserved Ϫ2 and Ϫ1 subsites independent of their sequence similarity and mode of action as above indicated for Xac enzymes and homologs. In contrast, the aglycone-binding region is much divergent even among GH10 xylanases with sequence identity over 45%. Curiously, the most variable segment in this region is the loop connecting the ␤7 and ␣7 elements ( Figs. 4, 5, and 11 ). XynA contains an insertion in this motif that induces dimerization and blocks the ϩ2 subsite, whereas in CmXyn10B there is a long loop that participates in the formation of ϩ2, ϩ3, and ϩ4 subsites. In other GH10 members, including XynB, TpXyl10B, and SoXyn10A, this loop is shortened and other loops, such as ␤6-␣6 and ␤8-␣8, participate in the formation of the aglycone-binding subsites. In TpXyl10B, it was demonstrated that conformational changes in the ␤8-␣8 loop, induced by high temperatures, modify its mode of action (48) . In addition to the distinct molecular architectures of the positive subsites among GH10 enzymes, the physicochemical basis for substrate binding is also variable. SoXyn10A interacts with the xylosyl residue at the ϩ2 subsite by polar contacts, whereas in CmXyn10B it occurs by hydrophobic interactions. The subsites involved in the recognition of the aglycone region are so divergent that we were not able to map the subsites subsequent to ϩ2 in XynB by structural 
TABLE 4 Activity of XynB toward three xylose-based substrates
Xylan from beechwood is essentially a linear polymer of xylose (68) . The xylosyl residues of arabinoxylans can be unsubstituted, monosubstituted via O 3 with arabinose residue, and disubstituted via O 3 and O 2 with arabinose residues. Rye arabinoxylan has 9% of xylosyl residues disubstituted and 35% monosubstituted, whereas wheat arabinoxylan has more disubstituted residues (20%) and fewer monosubstituted residues (14%) (69 homology. In summary, structural and functional data available for GH10 xylanases, including our new findings regarding the Xac enzymes, support a common molecular recognition of the glycone region consisting basically of the Ϫ2 and Ϫ1 subsites. Moreover, it points to a large variability of the positive subsites, even among highly similar GH10 enzymes, becoming unpredictable changes in this region for driving the functional behavior, catalytic efficiency, or action mode of GH10 members. Biological Implications: How GH10 Enzymes Contribute to Pathogenesis and Growth-A number of defense mechanisms have evolved in plants to prevent infection by pathogenic microorganisms (54 -57) . Many of phytopathogenic fungi produce a rich repertoire of CWDEs such as cellulases and xylanases to assist their colonization and for nutrient uptake (58 -60) . However, the oligosaccharides that are generated by these enzymes are sensed by plants and elicit the innate immune response (22) . Other mechanism for plant resistance is the production of protein inhibitors of glucanases that directly affects the pathogenesis (61, 62) . Xanthomonas spp. have a complete arsenal of CWDEs, but their putative roles in pathogenesis and pathogen-host interactions remain largely unknown. Here, we have elucidated the functional and structural properties of the two major GH10 xylanase-related proteins found in Xac serving as a model to understand the molecular events associated with xylan degradation and pathogenesis. The divergent XynB proved to be the primary xylanolytic enzyme, being an important component for hemicellulose degradation, a key constituent of the plant cell wall (Fig. 15 ). The breakdown of such polysaccharides is probably related to nutrient uptake, and the impairment of plant cell wall integrity may represent an advantage for the pathogen, facilitating the assembly of T3SS and consequently the translocation of effector proteins (Fig. 15 ). Indeed, several T2SS genes from Xanthomonas spp., mostly CWDEs, are coregulated with T3SS elements, supporting this model (14 -16) . However, the plant cell wall damage can be considered a double-edged sword because it not only serves as a point of entry to the phytopathogen or even a way for translocation of effector molecules, but also as a signaling mechanism, triggering host defense responses (11) . Interestingly, some plant pathogens have evolved molecular strategies to suppress such innate immune responses elicited by oligosaccharides produced by the action of CWDEs (7, 63) . The fact of XynA degrades xylooligosaccharides derived from xylan breakdown by XynB may suggest that this novel GH10 enzyme makes part . The calcium-binding site of XynB. A, isothermal titration calorimetry measurements with calcium titration. The DP is a measured power differential between the reference and sample cells necessary to maintain their temperature difference at close to zero. B, superposition of CjXylA structure (gray, Protein Data Bank code 1CLX (66)) on XynB structure (white, Protein Data Bank code 4PMX; this work). The regions that form the calcium-binding site of CjXylA are colored in red and pink. The regions that form the calcium-binding site of XynB are colored in blue and orange. The catalytic groove of XynB is delineated as a black mesh. The calcium coordination sphere in the XynB structure is shown in detail (boxed area). FIGURE 14. Molecular dynamics simulations of XynB in presence or absence of calcium. A, residues forming the negative subsites that were perturbed upon calcium removal. B, structure of XynB showing the relative position of calcium ion, regions I and II, and critical residues shown in A. The oligosaccharide is from XynB complex structure (Protein Data Bank code 4PN2) and is shown to indicate the glycone-binding region. C, RMSD analysis of entire active site cleft and regions I and II. Although the calcium ion is not directly bound to the residues forming the glycone-binding region, these results indicate that the destabilizing effect upon calcium removal is propagated to the active site through the regions I and II, being detrimental to substrate recognition and consequently to catalytic activity. of the Xanthomonas strategy to suppress oligosaccharide-induced defense responses (Fig. 15 ). A similar suppression mechanism was already observed for other phytopathogens, however, involving chitinase-like proteins (63) . In addition, we are tempted to speculate that the dimerization of XynA and the very low sequence identity of XynB to GH10 xylanases from other phytopathogens, principally fungi that are typical cell wall-degrading organisms, are a camouflage mechanism to prevent their recognition by plant receptors and inhibitors. These findings and interpretations indicate potential novel molecular mechanisms associated to plant-Xanthomonas interaction and provide clues of how this pathogen has evolved sophisticated strategies to overcome the host defense responses.
Biotechnological Implications: New Routes for Xylan Degradation-Some saprotrophic microorganisms, such as the fungus Trichoderma reesei, produce a broad arsenal of CWDEs to degrade plant biomass, and their enzymes have been successfully employed in biotechnological processes (64) . However, phytopathogens like Xanthomonas spp., which infect plants through stomata and lesions (18, 19) , intriguingly also contains a large number of CWDEs. Xac, for instance, contains at least 160 genes related to carbohydrate modification and degradation spread into 44 GH families, which is comparable in number to fungi specialized in plant cell wall degradation such as Aspergillus niger and Neurospora crassa (CAZy database (17)). Although these bacteria represent a rich source for prospecting novel enzymes with biotechnological applications, very few GH enzymes from Xanthomonas have been structurally and func-tionally investigated. Herein, our studies revealed unique mechanisms associated with xylan degradation such as the reducing end xylose-releasing exo-oligoxylanase activity of XynA and the calcium stimulation of XynB. In addition, the chimeric XynA, redesigned based on endo-xylanases, showed high catalytic efficiency, being a promising engineered enzyme for bioprocesses at moderate temperature such as simultaneous saccharification and fermentation for bioethanol production (65) . These findings reveal new molecular strategies for plant cell wall deconstruction, broadening our knowledge about the activities and regulatory mechanisms found in the GH10 family and highlighting the great potential of plant bacterial pathogens as a source of biotechnologically relevant enzymes. At an early stage, the T2SS secretes a number of glycoside hydrolases including XynA and XynB. XynB has a primary role in degrading the hemicellulosic fraction of the plant cell wall that is important for nutrient uptake and for breaching the first physical barrier against the bacterial attack. The weakened cell wall facilitates the insertion of T3SS, responsible for delivering effector proteins and other molecules into the plant cytoplasmatic environment, illustrating the interplay between T2SS and T3SS. At the late stage, the soluble xylooligosaccharides released by the action of XynB are elicitors of the innate immune system and then XynA with its reducing end xylose-releasing exo-oligoxylanase activity sequesters and cleaves them into xylose units, contributing to suppress the development of a systemic response.
